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EXECUTIVE SUMMARY

The objective of these studles Is to develop a data
base for health hazard assessment of the effects produced by
inhalation of combustlion products from red phosphorus/butyl
rubber used as an obscurant smoke for troops and vehlicles In
tactical and tralining environments. Laboratory rats exposed
In inhalation chambers will be used +o provide a
comprehensive deflinition of the blologlic effects of red
phosphorus smoke to mammallian systems under cond!tions which
approximate +the potential +troop exposure. This report
summarizes the Phase | studles which were the establishment
and standardization of the Inhalation exposure conditions.

The Inhalatlon exposure facllity bullt for this project
conslists of condltioned alr supply and chamber alr exhaust
systems; Inhalation exposure chambers with alr flow and
differential pressure controls; and red phosphorus butyl
rubber (RP/BR) combustlion generators. Seven one cublic-meter
Inhalation chambers are avallable, five of which located In
one laboratory are used for exposure to RP/BR aerosols. Two
control chambers for exposure to fllitered alr are In a
separate room. The combined exhaust alr from +the flve
aerosol-exposure chambers Is flltered through a
single-housling, 30-element coalescent fllter and exhausted
above the roof of the buliding. To prevent corroslon the
carbon steel fllter housing is coated on +the Inside wlith
acld reslstant polyvinyi chlioride. A pressure dlfferentlial
gauge Installed across the fllter monltors saturation.

The aerosol was generated by burning RP/BR extruded
through speclally desligned hydraullc extrusion-combustion
generators provided by the U.S. Army Medical Bloenglineering
Research and Development Laboratory through Oak Ridge
Natlonal Laboratory (ORNL). The RP/BR softened with hexane
and prepackaged in stalnless steel feed cylinders (blillets),
was also supplled by ORNL. The generator operates by
exerting pressure through a hydraullic pump on the RP/BR
contalned In the faeed cylinder. The materlial is forced by @
piston to extrude from an oriftice of the feed cyllinder
extending Intc the burn chamber of the generator and Ignlted
by an electrically heated wire loop. The RP/BR Is burned In
and the combustion products are mixed with conditioned air
and the aerosol 1Is transported dlrectiy into the exposure
chamber Intet port. At a constant chamber alr flow rate the
concantratlion of the aerosol Is a tunction of the extrusion
rate of the RP/BR which 1Is controiled by the automatic
hydraul lc pump speed.

Throughout the studles temperature and relative
hum!dlty were monltored continuously and malntained between
24 to 27°C and 40 to 6C percent relative humldlity. The




aerosol was monltored for mass concentration Intermitiently
by fliter samples and contlinuously with a photoelectric
sensor, for particle slze distributlion with a plezoelectr!c
microbalance, and for ftotal phosphorus content by chemlical
analyslis of +the ¢flilter-collected aerosol sampies. (xygen
concentration determined in the chambers durlng each test
was conslstently 21 percent. Chemlcal analysls o} the
chamber atmosphere Indlcated the absence of hexane, levels
of less than 10 ppb of phosphine and variable, but
relatively low levels of carbon monoxide, a maximum of 22
ppm, that <could not be correlated with the RP/BR aerosol
concentrations.

The objective of these studles was to evaluate spatial
and temporal homogenelty of +he <chamber atmosphere In a
three-dimensional array ot polnts +through a procecure of
simul tanecus sampling with cages and animal surrogates In
place. For the pllot chamber, sufficlent numbers of
sampling polnts were selected to allow for characterlizatlion
of spatial aeroscl homogenslty wlthin the chamber along with
a serles of sequentlal samples that were taken from a single
or from muitiple randomliy selected fixed polnts to defline
temporal *h“omogenelty for a perlod corresponding to the
duration of the longest exposure. The aeroscl was monltored
for mass concentration, particle slze and total phosphorus
content at three generator settings (aerosol concentrations)
repllcating all tests at each generator setting three times.
The uitimate objective was to reduce the varlablllity of
spatial and temporal homogenelty, with appropriate chamber
modiflications If necessary, to t+ 20 percent of the mean of
each parameter throughout the chambers and the range of
concentrations tested.

Three test concentrations were selected on the
followlng basls: the lowest operational concentration of
the RP/BR generators at the 500 |iter/min alr flow rates
used In our chambers (C1: 0.2-0.3 mg/!); the hlighest
concentration that could be =alintained for the 4-hr testing
periods using the larger 0.7?5 in diametar RP/BR bliliets (C3:
approximately 1 mg/l) and & Intermaciate concentration
chosen between C1 and C3 (C2: approxiwei- .y 2.5 mg/i).

Atter standardlzation of the plilot chamber was
completed a slrngle generator setting from <those three
evaluated for the pilet chamber was randomly selected for
each of the four remaining chambers and spatlial and temporal
homogenelty tests were conducted in three repllicate
experiments for each chamber,

The statistical modei used was a three factor
mixed-modal analysis of var'ance. Concentration and
location (shelf Nos. 1, 2, 3, 4 and center polnt) were
considered to be the ftlixed factors, whereas repllcation was
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consldered random; hence the term "mixed model". This
model determlines 1f between locatlion differences are
nonsignlflicant (there [Is spatlal homogenelty) and If
dl fferences between locatlons depend on concentration (there
Is a concentration by location Interaction), In the
analysis of temporal homogenelty time was substituted for
location as the second factor In the design.

Shel f means and Individual sampling locatlon levels
were reported 1In percent mean deviation units from overall
chamber means. Between chamber comparisons were made by
comparing overall means and examining deviations between the
parameters measured In the plliot chamber and each of the
other chambers at approprliate concentrations.

The results demonstrated that the pllot chamber was
spatlially as well as temporally homogeneous In terms of
aerosol mass concentration and percent total phosphorus and
homogenelity was not affected by concentration. Particle
slze showed spatial heterogenelty and temporal homogenelty.
However the overall range of 0.3 +to0 0.6 um observed In
particle size was such that +thls statistical  slgniflcance
was not blologlcally meaningful In terms of inhalatlion and
deposition of particles.

To verltfy that the temporal and spatlial homogenselty
obtalned In the pliot chamber were consistent In the other
four chambers statistical analysis for each was performed.
In addlition maximum location deviatlions In terms cf worst
case shelt means were calculated for each of these chambers
relative to +the overall chamber means of each of the
chambers. Although several of these statistical tests were
significant indicating statistical heterogenelity the worst
case deviatlion for all chambers was 17 parcent from the
overall chamber mean. Because of the large sample size the
sensitivity of the statistlical evaluation was beyond what
could be required with the glven physlical iimitations of the
system. Thus under the 20 percent variation |Imlt set as
our goal, the data represented adequate levels of
homogenelty,

For Inter-chamber comparisons +the overall means for
each parameter and for each chamber were compared to the
overali means of the plilot chamber for <that respective
concentration tevel, The data demonstrated that all
between~-chamber comparisons were withln 16 percent of the
pliot chamber for ail measured parameters; hence |t was
coencluded that the +targeted concentration values were
attained In the additional chambers.

Thus the extenslve statistical analysis of the pliot
chamber revealed conditlons of spatial and temporal
homogeneity for RP/RB aserosol mass concentration and for




percent phosphoric aclid levels. Although a statistically
signiflicant, spatial particle slze gradient was found the
variatlion was not signlflcant blologlcally 1In terms of
Iinhalatlion and deposition Into the +tracheobronchlal region
and the deep lung. Particle slzes were homogeneous when
measured over time. Inspectlion of four additlonal chambers
revealed some statistically signiflicant differences;
however, the worst case devlations for each shelf relatlive
to Its overall chamber mean and for each chamber relative to
the pllot chamber were under the 20 percent varlation limits
set for the homogenelty tests on the basis of overall
performance of the complex test article-generator-chamber
system. Therefore It couid be conciuded that adequate
levels of homogenelty were attalned In alil chambers.

.........



FOREWORD

This report, |ITRl No. L06139, Phase | Report
describes studles conducted by the Life Sclences Dlvision,
IIT Research Instlitute for +the Health Effects Research
Diviston, U.S. Army Meadical Bloengineering Research and
Development Laboratory during the perliod of April 1982
through May 1983, The studles were carried out under
Contract No. DAMD17-82-C-2121.

Catherine Aranyl served as Princlpal Investigator and
James Fenters was Co-investigator. The prinzipe!
professional assoclate was Stanley Vana who was responsible
for the Inhalatlon exposure faclillties, the aerosol
generation and monltoring system and for conducting the
aerosol homogenelty studies. Chemical analysis of varlous
components of the chamber atmosphere was done under the
supervision of Alan Snelson. Robert Gibbons, Consultant
Blostatisticlan, and Narayanan Rajendran contributed to the
samplling deslgn for the chamber homogenelty testing.
Statistical analyslis of the aeroscol homagenelty studles was
performed by R. Gibbons.

Citation of commercial organlzations and trade names In
this report does not constltute an offlicial Department of
the Army endorsement or approval of the products or serlces
of these organizations.




QUALITY ASSURANCE STATEMENT

Analytical Chemistry operations were Inspected on slx
occaslons between February 4 and April 12, 1983, The flinal
draft report was audlted between August 29 and September 3,
1983. Qual ity Assurance audits and Inspectlions were
conducted by Josephline Reed, Julle McPhlllps and Kirlt
Parikh.

The study was found to conform to IITRI Life Sciences
Qual Ity Assurance criterla developed to meet FDA Good
Laboratory Practice Regulaticns (Fed. Reg. CFR, Part 58,
1978). Rsw data generated durling the course of the study
will be retalned In the IITRlI Life Sclences Archlivses.
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INTRODUCT ION

As part of ar overal! concern for personnel hsalth and
safety, the U.S. Army Medlcal Research and Development
Command !s seeking to evaluate the effects produced by
Inhalation of combustion products from red phosphorus/butyl
rubber used as an obscurant smoke for troops and vehicles in
tactical and tralning environments, Laboratory rats,
exposed In chambers wi!ll be used to provide a comprehensive
definition of +the biologic effects of red phosphorus smoke
to mammal lan systems under conditlons which approximate the
potential +roop exposure. The approach to this research
includes range- finding acute studles to determine iethal

concentrations and Influence of exposure duration on
wortalliy; repected exposure studies to define
time-concentration relationships as well as threshold

levels, healing, and adaptation In biologlc reactlions; and
a subchronlic exposure study wlith a recovery and ohservation
period after the experimental exposure. The princlpal
blologle response criterla o be monitored Includa overt

toxlc signs, clinfcal chemistry ard hematology,
histopatholagy, alveolar macropnuge puimonary defense
functlions, pulmonary bactericlidal activity and

neurobehavioral actlvity., The research project Is set up to
proceed in a phased manner. The obJectlive of the Phase |
studles was to set-up a government-supplied generation
system to provide freshly generated combustion products from
a mixture of red phosphorus and butyl rubber and +to
establish a sultable exposure facllity for producing an
inhalation chamber atmosphere from these combustion
products. Chamber sampling techniques, physical and
chemical monltoring procedures were standardized and serosol
homogeneity In the exposure chambers was tested.
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Vo EAGILITIES

The major components of the inhalatlion exposure
*gcilitles are the conditloned alr supply and the chamber
alr exhaust systems; +the Inhalation chambers with air flow
and pressure controls; and the red phosphorus butyl rubber
(RP/BR) generators. The facility Is equlipped with seven one
cublic-meter Inhalation chambers, flve of which are {ocated
In one |aboratory and are used for exposure to RP/BR smokes.
Two control chambers for exposure to flltered alr are In a
separate room to prevent contamination, (See Appendix B,
Figures B1=5).

A. Supply Alr

A schematic dlagram of the alr supply system 1Is shown
In Flgure 1. Supply alr passed through six 12 In x 12 In x
I In prefliters (40 p:rcent efflciency for 0.9 m particlies)
and 31 13.5 *n o 11,5 In x 0.5 in charcoal fllters (grade 4
x 10, Type PBL) before entering the system Is preconditloned
with u 8.75 ton water cooled alr condlitionling unlt,
Temperature and humlidlity are adjusted 1o the requlred
conditionr of 24=27 C and 30-60 percent relative humidity
(RH). An electric duct heater with an automatic contro!
system 1Is wus d tu maintain the required temperature range.
Hum:dity Is supplied by two steam humidiflers, one located
at +the alr condlitioning uult outlet and another In the alr
inlet duct to the |aboratory and 1is controlled with a
high-timlt, 85 percant, pneuma*ic mocdulating contrcliler, An
antomatlic alr handilng control panel for regulavring cooling,
hsating and humldlty 15 located 1Iin the RP/BR Inhalaticn
exposure |aboratory.

The cond!tioned alr Is Introduced Into the room at the
rate of 18 fto 20 changes per hour, The conditioned room alr
is infroduced Into the <chambers +through Indlyvlidual Inlev
tliter assemblles conslsting of a fibergluss coarse fllter,
a charcoal bed and a HEPA fllter,

Ba Exhausi Alr

The oxperimental chamber &lr Is exhausted through an 8
In. diameter splral galvanlzed tron duct connected to the
tive experimental chambers with 3 (n dlameier flexible PVC
ducting (Figure 2). The comblned exhaust alr from the flve
chambers Is flltered through a single-housing, 30-ulement
coalescent fllter and exheusted ontstde the building above
the roof. A pressurs differentlai gauge Installed across
the fllter monitors saturation,
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FIGURE 1: SCHEMATIC DIAGRAM OF THE CONDITIONED AIR
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Inhalation Exposure Lab I: RP/BR
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1. Chamber exhaust ports 4. Silencer
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3. Coalescent filter 6. Damper
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FIGURE 2: EXPOSURE CHAMBER EXHAUST SYSTEM (Side View)
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Originally a Model R-3080-8F carbon steel filter
housling with 30 (No. 200-80-DX) fllter elements from
Balston Inc. was installed and used. By completion of the
Phase | studles serlous corrosion problems were encountered
and the unit had to be replaced. The new unit consists of a
modlfied carbon steel fillter housing coated on the Inside
with an acld resistant polymer, polyvinyl chlorlde (PVC). A
Balston filter housing, simllar to the model origlinally
Installed, was purchased and modifled at [ITRI by cutting
the unit !ntfo Two sectlons and Iinstalling flanges wlith
rubber gaskets for rejolining the sections, This
modification allowed the entire interior of the housing to
recelve a contlnuous coating of PVC [Inciuding the "double
bottom" section. In addition, tha portion of ducting
connected directly to the fliter housing Inlet, where acid
condensates have a chance to accumulate and cause corrosion
has been replaced with a section of solid PYC. Inspectlion
plates, iInstalied at several polnts In the exhaust system
ducting and monitored perlodically for sligns of corroslion
have not shown any damage.

The exhaust alr Is moved by a pressure blower (2 HP,
3500 RPM motor) capable of providing > 500 Iliter/min alrflow
In each of the experimental chambers agalnst 30 In of water
pressure, A wafer type 6 Ir. damper serves for alrflow
control on the blower exhaust. A sltiencer filled with high
density acoustical absorption materlal Is Installed between
the blower and the fllter, The alr moving equlpment Is
remotely located to minimize nolse 1In the exposure
laboratory. The blower s connected to an emergency power
supply. In addlitlon an alarm system Installed In the
:xhausf alr system provides warning In case of blower
allure,

The exhaust system +for the control chambers is
Indepaendent of the system for the experimental test chambers
to avold potential contamination from +the RP/RB. Both
exhaust systems are operated contlinuously except durlng
chamber cieaning or malntenance.

C. lnhalatxlon Exposure Chamhers

A total of seven (flve experimental and +two control)
stalnless steel Inhalation exposurse chambers are avallable
for use. Each Is approximately one cublc meter In volume
which JIncludes a central cubical (91 cm x 91 ¢m x 91 cm )
aa¢ two pyramidal sectlons on the top and bottom
r. ectively. A door 1s located on the front of the
cinamber. There are wire relnforced glass windows In the
door and on one slde wall of the chamber. Three sampling
ports are located on the oppcsite slide wall to the wlindow.
These ports were used for monitoring temperature and for
collectlon of grab samples for carbon monoxide, hexane and
phosphlne.




The schematlic dlagram of an exposure chamber |[|s shown
In Figure 3. The RP/3R combustion products and dilution alr
are Introduced Into a mixing compartment located at the top
of the chamber. An adjustable clrcular baffle plate located
Just below the mixing compartment aids In +he uniform
distribution of the test materfal In the main section of the
chamber. A gate valve on the bottom |s used for washing and
dralnage of the chambers after each exposure perlod. An
additional gate valve Is provided for dralning water which
may accumulate at +the bottom of the baffle valve housling
during chamber washing.

The chamber exhaust located In the bottom sectlon, Is a
2 in diameter tube with the opening facling downward. The
exhaust passes through the wall of the chamber and has a
batfle control valve box which Is used for fine adjustment
of the air flow rates. A 2 In diameter tube exlts the valve
box and has a flange section with an orifice plate for
adjusting and monitoring total air flow rate. fn addltion
total alrfliow through the chamber can be adjusted with a PVC
valve located on the vacuum slde of the orlifice plate.
Total alr-flow rate Is calibrated with a mass flowmeter and
monitored by measuring the pressure differentlal across +the
orltice plate. A second gauge monitors the differential
pressure between the chamber air Inlet and exhaust +to
measure the total potential draw through the chamber. In
addition, the negatlive pressure In the chamber relative +to
the room alr pressure 1Is continuousiy monitored with a
differentlial pressure gauge.

D. Ihe RP/BR Asrosol Generator

The aerosol was generated by burning RP/BR extruded
through speclally desligned hydraullc extrusion-combustion
generators provided by the U.S. Army Medical Bloenglineering
Research and Development Laboratory through Oak Rlidge
Natlonal Laboratory (ORNL). The RP/BR softened with hexane
and prepackaged in stainless steeal feed cyllirnders (billets)
was also supplied by ORNL. The RP/BR Is burned In and the
combustion products are mixed with conditioned alr (24-27 °C
and 40-60 percent RH). The generator operates by exerting
pressure through a hydraullc pump on the RP/BR contalined In
the feed cyllinder. The material Is forced by a piston to
extrude from an oriflice cf the feed cylinder extending Into
the burn chamber of the generator anrd Ignited by an
electricaliy heated wire loop. As the RP/BR Is extruded it
burns at a generally uniferm rate and the aerosol produced
is transported dlrectly 1into the exposure chamber Infet
port. At a constant chamber alr flow rate the ccncentratlion
of the aerosol 1Is a function of the extruslon rate of the
RP/BR which may be controlled by the automatic hydraullic
pump speed. A detalled description of the generator Is
provided In a publicatrion from ORNL entitlied "A System for
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1. Inlet air filter 9, Orains
2. Flexible duct 10. Gate valves
3. RP/BR generator input 11. Exhaust air line
4. Valve 12. Baffle valve
5. Mixing compartment 13. Limitimg orifice
6. Deflection baffle 14. Exhaust air control valve
7. Reinforced glass windows 15. Flexible exhaust duct
8. Sampling ports 16. Differential pressure gauges

17. Air exhaust duct

FIGURE 3. SCHEMATIC DIAGRAM OF STAINLESS STEEL INHALATION EXPOSURE CHAMBER
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the Continuous Generation of Phosphorous Aerosois from Red
Phosphorus-Bufy! Rubber" by R. W. Holmberg and J. H.
Moneyhun (Proceedings of Smoke/Obscurants Symposium VI,
Harry Dlamond Laboratorles, April 27-29, 1982, Adelpht, q
Maryland), The schematic dlagram »f the RP/BR generator

shown In Figure 4 |s taken from thls document.

Two alarm systems are avallable to alert personnel *to
potential malfunctions 1In generator operation. The light
scattering photosensor system used for continuously P
monitoring RP/BR aerosol concentration in the exposure
chambers can be set to a desired maximum concentratlion level
above which It activates an alarm.

A monitoring device capable of detecting a flame~-out of
the extruded RP/BR was tso Installed at the generator burn <
chamber and operates by frared monitoring of the flame.
In +the event of a fl.me-out of the RP/BR, I+ triggers an
alarm alerting personr:l to take Immediate corrective
action. Both devices were provided by ORNL,.

E. Aerosol By-Pags and Djlutlon Systems p

The operational method of the generator necessltates
the use of a technlique to protect the chamber atmosphere
trom high aerosol concentration surges during start-up or
maffunction, Therefore a permanent by-pass valve Installed
at the <chamber Inlet was origlinally proposed. This p
emergency and start-up by-pass system was desligned to divert
the RP/BR aerosol from the generator before It would enter
the exposure chamber. A three-way valve at the Inlet to the
chamber was to be manually or remotely activated, In +he
event of a malfunction 1In +the generator or alr handling
system, to divert the RP/BR aerosol dlrectly fo the exhaust y
thus preventing exposure of animals +to RP/BR aerosol
concentration above levels speclifled, and/or allowling
start-up of the generator In the by-pass mode untll the burn
rate became uniform and the target «concentration had been
reached.

Aithough this by-pass system prevented the RP/BR
aerosol from entering the chamber, It had no provislion for
venting the chamber and thereby reducing the excess smoke
already present. With the Installation of the high and low
aerosol concentration electronic alarms, having an aerosol
by-pass system was no longer as essential 2as before. The
"tlame-cut" alarm assures that Interruptien In aerosol
generation carnnot go unobserved. The
high-concentration-alarm alerts operating personnel +to any
surge above the speciflied target concentration so the
generater extrusion rate can be readjusted. In addition, a
pre-burn Is conducted prlor to each exposure perlod to
Insure proper operation of the generator before animais are

18
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Introduced 1Into the chamber and the Inhalation exposure lIs
Initlated.

For RP/BR aerosol concentratlions lower than <an be
achleved wlth the generator, a dynamic dl ution system was
designed and a prototype unit was constructed for
evaluation., The dllution apparatus with a by-pass valve was
Installed into the aerosol [nlet duct between the exposure
chamber and the aerosol generator (Figure 5). The dilutlon
system shown In the schematic dlagram of Figure 6 conslsts
of two 'T's separated by a barrier and an lnner connecting
tube. The aerosol enters the system at P! and exhausts
through valve V1. Clean flltered dilution air enters the
second 'T' through V2, The pressure at P2 is siightly less
than the pressure at P!, so that a small portion of the
aerosol Is asplirated and diluted. The dilution ratlo s
determined by the flow rates of the aerosol through the
Inner tube and the dilution alr through the second T. The
system does not use any hoiding chambers and hence aging of
the aerosols would not be a problem. However It may require
additional study and modification because of potential
alirflow balancing problems.

In preliminary tests the system operated successfully
when tested at a 1:2 dilutlion ratio between 0.8 and 0.4 mg/|
aerosol concentrations. Further tests and development wlll
be needed to assure that concentrations beiow 0.2 mg/l, the
lowver |Imit of generator capaclity can be malntatned for
extended perlods |t necessary.

i, PRELIMINARY IESTS
A. The Taest Article: Red Phosphorus/Buiy!l Rubber

The RP/BR test artflicle soffened with hexane was
supplied by the sponsor In stalnless steel Q.75 In diemeter
by 4.5 In long prepackaged feed cylinders, blliets, with end
caps. The alrtight blilets were stored In the laboratory at
ambient condtions untii wused Iin the aerosci generator,
Shipplng dates, Iidentiflication codes and specifications of
the RP/BR, as reported tc [ITRI by ORNL, were malntained In
a permanent record. The {dentiflication code and the number
of RP/BR blllets used In each study were entered I[n the
experlomental records.

The origlinal shipments of RP/BR were recefved in 0.38
in dliameter billets. However due to their short burning
durations they were unsultable for Inhalatlon exposures and
therefore they were replaced wlth larger 0.75 in dlemeter
blilets which approeximaely doubled the burn duration. An
adaptor was provided feor lcading the RP/BR from the large
biilets Into the extrusion cylinder/pliston assembly used In
the @aerosol generater., With this adaptcr and the larger
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biliets, the entire extrusion cyiinder could be loaded with
RP/BR, whoreaz prevliousty with the 0.38 in billets It could
only be partially fllled.

B. Ihe RP/BR Generator

The first RP/BR generator was delivered to [ITRI in
June 1982 from ORNL. It was assembled and 1ts operation
demonstrated by ORNL personnel. Subsequently [t was used In
exploratory aerssol generation tests until September when
five new generators were recelved and the flrst one was
returned.

Durtng triai burn tests conducted with the generator In
Its oirlginal configuration It was found that the maximum
achievable concentration (the maximum burn, or extrusion
rate) was obtalned with +the automatic hydraulic fluld
precislon metering pump set at 0.150 In arbitrary units on
the micrometar scale. Above this setting, the RP/BR was
extruding fester than [t was burning, and the materlial was
advancing Inte the pory of the burn chamber contalning the
fanttor coli. Under these <conditions +the RP/BR aerosol
concentration -as 2.8 mg/! and the burn duration 31 min. To
increase the burn duration ar &vtempt was made to charge two
RP/BR bllets 1Into the extrusion cyllinder. The generator
operated for approximately 45 min and subsequentl!y
mal functlioned. Whan it was disassembled, I+ became evident
that the breakdown occuirred due to seizure of the plston 1In
the extrusion cylinder due to gallling.

The problem of short burn durations was later Improved
when +the RP/BR was supplied In 0.75 in instead of 0.38 In
dlameter blilets and an adaptor was provided for loading
these larger amounts of material into the extrusion cyllinder
of the gencrator.

The new generators recelved In September from ORNL ware
Instal led behind each of +the flve Inhalatlion exposure
chambhers on sturdy workbenches capable of supporting “helr
welight and providing optimal access to support egulpment and
Instrumentation. Care was taken to minimize the number of
bends In the aerosol Inlet duct leading from the generators
to the chambers, thereby ellimlinating potential sites for
particle deposition, The new generators were essentallly
similar Yo +the woriglnal in design except for a few
modlifications: The pressure gauge was replaced with a more
senslitlve model, (3,000 to 10,000 psit full scale); the
large dlameter flexlble hose for the hydraullic pump hose was
replaced with stalnless steel tublng; the ceramlic burn *ip
was replaced with a stalniess steel tip and a newly desligned
lgnitor was added. Most Important was the change 1In the
automatic hydraullc precision pump which on the new unlts
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%5 could operate at lower extrusion rates and thus the
Jﬁé generators could produce lower RP/BR aerosol concentrations.,
~ﬂS In addition, the new exrusion cy!linder had a +thicker wall,

'

5;‘_ while Its Inslde dlameter remalned unchanged. The extrusion

e plston was also radesigned so that only approximately 1 In
. at the front end matched the cylinder bore, the remalning
A portlon was reduced In diameter to prevent "binding" between
ﬁ: the piston and the c¢ylinder.
f}' These changes were made In part fto correct some of the
A galilng probiems that were encountered during the
. preliminary burn experiments conducted with the origlinal
-y generator. Inspection of the defective wunits Indicated
T scratches In the polished surfaces with normal use, even
k- with extraordinary care In clearing and handling. This may
R Indicate the presence of abrasive material In the RP/BR. In
L order +to decrease the occurance of galling the cylinder and
- plstcn were Inspected after sach use and polished [1f any
o, - slgns of binding were encountered. In splte of these
g measures an occasional extrusion assembly 1Is stlil lost
& bacause when severe galllng occurs they cannot be salvaged
- by polishing.
- €, Preliminary Burn Ixperiments

.y Durling the paeriod when the generators were Installed
and the varlous RP/BR trial batches were prepared a serles
of e.ploratory experiments were conducted to determine the
maximum and minimum RP/BR extrusion rates which would
produce a relatively unlform and stable burn. In the flirst
series of tests the original generator and the Interim
supply of RP/BR were wused. To determine the relation
between the automatic hydraullc pump performance and the
burn characterlistics at varlous alrflox rates a billet (No.
012/8-23-82) was ignlted and the generator automatic
hydraui lc pump speed gradually Increased or decreased untll
the maximum or mintmum extrusion burn rate of the RP/BR was
obtalned. At a chamber alr tlow of 500 Iliter/min the
extrusion pump rates ranged from 0.300 to 0.020 In arbitrary
units for the maximum anc minimum burn rates attalnable with
tha generater. This was determlned by visual observation of
the slze and uniformity of fiame pattern and the extruded
material relative to the extrusion pressurée and by
observation of the burn characteristics (l.e. If the total
extrusion was burnlng or Just the distal part, and |f the
extruded materlal would break off and require re-ignition).

At the minimum ©burn rate, at an aerosol mass
concertration of approximately 0.2 to 0.3 mg/!l, the burn was
relatively stable at ¢ 500 I(!ter/min alrflow rate. However,
residue accumulated at the burn tip which seventually
interfered with the burn. Some flaring occurred and on
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occasion the bulld=-up caused a flame=-out, The residue
appeared as an ash and as a viscous yel low material at the
end of the tip.

When biflet No, L2/8-19-82 was Ignited at the maximum
burn rate, a burn duration of approximately 30 min was
obtalned at an approximate aerosol concentration of 3 +o 4
mg/1. At +the 500 llter/min alrflow rate the concentration
stabliized relatively fast, however, some difflculty was
experlenced wlth +the extruded portlion breaking off or not
burning uniformly, possibly due to cracks or variation In
the RP/BR.

Subsequently +t+he alrflow rate was reduced to 250
[1ter/min. The extruslion rate was malntained as before and
another billet (No. L4/8-19-82) of RP/BR was <charged Into
the generator and ignited. At this lower airflow rate the
burn was very erratic, the concentration Increased gradually
and dld not stabilize by the tIme half of the material was
burned. Also the temperature of +the <chamber Inlet duct
increased from the burning RP/BR and the generator burn
chamber was quite warm., When the alrflow rate was Increased
to 350 |liter/min, the burn stablllized and aerosol mass
concentration values ranged from 5 to 6 mg/!. Because of
the Jlarge number of animals planned to be exposed per
chamber, it was declided that a 500 |liter/min flow rate,
representing one alrchange every two minutes In +the
one-m3-slzed chambers, would be used In all future studles.

To examine burn stabillty and duration at varlous
aerosol concentrations, 0.38 Iin dlameter biilets were burned
at 500 ilter/min airflow and at varlious extruslon rates to
obtaln targeted aerosol mass concentrations In the range of
0.2 to 3 mg/l. The results are summarized In Table 1.
Experiment Nos. 1 to 4 were conducted wlth the flrst
generator uslng the Interim RP/BR supply. It <can be seen
that +the Increases In the settings of the hydraullic fluld
precislion metering pump are consistent with the Increases In
the targeted aerosol concentrations, whereas the requlired
extrusion pressures varled with the varlious blillets wused.
Aerosol mass concentration values determined (at various
Intervals after Ignition ot the RP/BR) gravimetrically on
titter-collected samples and by contlnuous monitoring with
light scattering sensors (callbrated at ORNL) were generally
in agreement, Spectrophotometrically analyzed total
phosphorus content from the fllter collected samples and
expresss” as percentage phosphoric acid (H3POy) In the
aerosc: are also shown In the Table. (Chamber sampling
methods are reported in section (il).

The contlinuous strip char? recordlings of the
photosansors showed deviations ranging to *15 percent
resulting from apparent nonhomogenecus RP/BR blillets wlth
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Table 1: EXPLORATORY BURN STUDIES WITH RP/BR BILLETS'

Aerosol Mass

Extrusion Burn Sampling Time(min) Conc.(mg/1)from % H3PO4
Exp. RP/8R Pump Pressure (psi) Duration After Duration oto- 11ter in
No. Billet No. Setting min  max {min) Start per Sample sensord Sample Aerosol
%2 01/8-23-82  0.125 600 1500 45 8 1.9 1.89 S
23 2.2 1.96 -
Tb 02/8-23-82 0.125 600 1400 45 8 2.02 - -
30 Y| 1.83 -
2 L5/8-19-82 0.020 700 1600 225 10 0.22 0.3 n
35 0.22 0.32 68
60 - 0.30 63
83 0.18 0.27 70
107 0.24 0.33 76
143 - 0.33 76
3% 16/8-19-82  0.075 700 1000 70 28 0.91 - ]
47 1.01 - -
53 0.96 1.03 85
3b L8/8-19-82 0.075 700 1500 68 27 1.04 1.14 69
54 0.94 1.13 89
4 L9/8-19-82 ~ 0.040 800 2000 140 15 0.5 - -
24 0.41 - -
34 0.55 - -
49 0.51 - -
64 0.50 - -
85 0.52 - -
14 Y1/11-10-82 0.230 250 350 70 10 12 3.14 3.05 -
- - 3.34 - -
42 1B 3.29 2.95 -
58 11 3.20 2.78 -
15 ¥3-11-10-82 0.175 400 500 109 20 19 2.15 2.17 -
42 13 2.07 - -
57 20 3.0% 2.0 -
81 20 .07 2.1} -
21 ¥Y4-11-10-82 0.100 450 1300 228 42 17 0.99 1.18 -
67 12 0.94 1.19 -
103 13 0.94 1.18 -
140 13 0.89 1.1 -
165 12 0.95 1.2} -
182 12 1.02 1.24 -
206 12 1.00 1.25 -

! Experiment Nos. 1-8 interim RP/BR supply, in 0.38 in billets, experiments 14, 15 and 21 permanent
supply, in 0.7% in billets.

2 There was a 30 and a 42 min interval respectively between phases a and b of Experiments 1 and 3
to recharge the generator with RP/BR.

3 Adjusted to read 1 mg/1 at 10 mV.

g From readings observed during the fiiter collection period. All following observations were
integrated signal averages for the filter collection period.

5 Not done.

..............................
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hard spots. Burn duration for one bdlliet was approximately
45 min at 2 mg/l, 70 min at 1 mg/l, 140 min at 0.5 mg/! and
225 min at 0.2 mg/| aerosol mass concentrations.

When the final standardized lots of RP/BR were recelved
from ORNL fests conducted wutilizing *the larger 0.75 In
dlameter billets at aerosol concentratlions of 3, 2 and 1
mg/! resuited 1In burn durations of 70, 109, 228 min
respectively (Table 1, Experiment Nos. 14, 15 and 21).
These tests were conducted In the new generators and
comparlison of the extrusion pump settings to those ilsted In
the table for the flrst generator for similar target
concentrations demonstrates the change In the precision pump
performance In the new generators.

i1, CHAMBER SAMPLING METHQDS
A. Aeroscol Mass Conceniration
1. Grasimetrlc Method:

Aerosol mass concentration was monlitored
gravimeterical ly approximately once for each 2 hr exposure
perlcd. Partlicles of the RP/BR aerosocl were collected on
pre-welghed 45-mm fiberglass fliter dlisks placed In acrylic
ptastlic filter holders. The flilters have 99,99 percent
retention efflclency for diocty! phthalate particles of 0.3
um. Prior to use the flberglass fllters were malintained for
24 hr In +the <conditlioned atmosphere of <the sampling
environment to assure molsture equilibration by the filter
pads. The aeroscl samples were collected at constant flow
rates of 2 liter/min using dlaphragm-type vacuum alr pumps.
The filters were welghed on an anafytlical balance. Dry gas
meters connected to the backside of the pumps recorded the
corresponding total volume of alr sampled.

All fliter samples were welghed within 30 min of
removal from +the samplling ports, +fransferred to plastic
petri dlshes, and entered Into a permanent record. Selected
samples were subsequently submitted for total phosphorus
analyslis.

For aerosol homogenelty testing the chamber doors were
temporarlly replaced wlth & speclally constructed plastic
panel fltted to the front of +the exposure chambers. A
serles of holes drilled Into the plastic provided access for
tubular stalnless steel sampling protes 39 In long and 3/8
in In dlameter to pre-determined sampling locatlions Inside
the chamber, The fillter assembly was connected to the end
ot each probe outside of the chamber. Thls deslgn assured
un!form sampling cf the aerosol and also that +the =aerosol
samples always traveled the same distance from the samplling
point to the collecting flliter. (For detalled description
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of sampling locations see Section V).

Ellter welght stabillity To Insure accurate sample
welght determlinations of the filter-col lected aerosol
samples, tests were conducted to evaluate the stablliity
of fliter weights over time, the effects of varying
percent RH and the efficacy of 1isolating the fliters
from amblent atmosphere by sealling the ends of the
holders with stoppers, Using a portable analytical
balance, tests were conducted to determine the
stabillty of filter weights over Increasing time
perfods 1In the <conirolled condltioned alr of +the
Inhalation exposure laboratory. The results Indicated
that under these conditlons the welghts remalned stable
for one hour after collection. However +the permanent
locatlon of the analytical balance Is In an adjacent
|aboratory without condltioned alr supply. Since the
temperature and percent RH of the two laboratorlies was
signiflicantly different, tests were conducted to
determine the effects on sample welght stabllity when
filters collected In conditioned air (26 ° C and 44
percent RH) were weighed at amblent conditions (20° C
and 20 percent RH). To minimlize the effects of +this
transfer the fillter holders were sealed with sillcone
rubber stoppers which were removed during +the actual
welghing process only. Aerosol samples were col lected
on three groups of fllters: In Groups ' and 2 fllter
housing ends were left open and In Group 3 they were
sealed with the stoppers. Each group was welghed aft
various Intervals up to 1.5 hr after sample col lectlon.
Group 1 and 3 filters were welghed at amblent
condltions and Group 2 In the controlled environment.
The results indicated that the Group 3 conditions wlith
stoppers on +the flilter holders produced the greatest
sample welght stabllity. Group 1 samples collected at
higher and welighed at lower percent RH decreased In
welght over the total time observed, whereas Group 2
fliters which remalned at the hlgher percent RH
generally Increased In welght Indicating molsture
desorptlon or adsorption respectively by the filter
pads and/or the collected aerosol particles. These
tests demonstrated that the method producing the
greatest welght stablilility was sealing the fllter
holders and welghing wlithin 60 min after collection.
This method became the standard operating procedure.

2. Llght Scatterlng Methad

Aerosol mass concentration was monitored continuously
in each chamber with ilght scattering sensors. Permanent
records of the ampllifler outputs were malintalnad using strip
chart recorders. integrated averages of the photosensor
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values were taken simultaneously with the filter coifectlion
periods. The photosensor probes and amplifiers were
provided and Initlally caltbrated by ORNL. Subsequently,
after having received a document on operation, malnterance
and callbration of +the  units from ORNL iney were
recallbrated In our laboratories.

A brlef description of probe and Instrument and the
principle of operation Is quoted from "ORNL Aerosol Particle
Sensor Description., Operation and Callbration" by J.H.
Moneyhun, T.M. Gayle and R.W. Holmberg.

"The ORNL/Gayle aerosol particle sensor system
consists of a |Ilght scattering sensor and an
electronic Read-out Module. The sensor Is a
commerclially avalilable (Optron OPB-710) assembly
consisting of a |ight emitting gallium arsenide
diode mounted directly beside a high galn
phototransistor. The package Is about 1/4 In. 1In
diameter and helght, The LED emits Iight In the
near infared reglon (ca. 900 nm) whlich scatters
from aerosol particles In the wvicinlty and Is
detected by the phototransistor. The Read-0ut
module contalns the circuitry to power the LED and
to condlitlon, amplify and display the signal from
the phototranslistor. The signal Is displayed on a
digital meter and can be routed in analog form +to
a chart recorder. An Integrating system wlth
separate diglital display Is also provided so that
sums or lIntegrals of rapidly changing signals can
be processed. Each sensor has Its own
characteristic senslitivity and must be
Individually callbrated. Our experlence with a
number of aerosols has shown that once calibrated
they malntaln thelr sensitlivity for a long perled
of time providing thelr face Is cleaned
perfodically to remove deposlted particulate
matter. Vernler adjustments are avallable so that
the signal {(the digital meter reports signal level
In milllvolts) can be made fto correspond directly
to aerosol concentration. While the response |Is
not strictly \|inear, ocften, particularly over a
restricted range of concentration, [t Is near
enough 1llinear so this "direct read out" can be
utlilized relltably without graphic Interpoliation.
Typlcally we <callbrate and adjust the galns so
that 10 mV corr2sponds +o0 a 1 mg/L aerosol
concentration. The <callbrations are made by
comparing the output of the sensor system with the
welght of aerosol collected on fllter pads.™
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For homogeneity testing, photosensor sampl Ing
probes were also fitted to the chamber interlor through
the plastic front panel previously described. The
I ight scattering sensors were ©placed Inside of the
probe tubes and positioned with +the sensor extending
slightly beyond +the end of the tube. Adjustments in
positloning the probes were made to minimize any back
scatter reflections of sensor-emitted light from the
exposure cages and chamber walls.

In addition to monitoring the RP/BR aerosol
concentration, the photosensor system designed by ORNL
has a bullt=-in provision which can be set at any
concentration level +to activate an electrical alarm.
This alarm alerted personnel to a malfunction 1In the
exposure system Indicating that there was a substantial
deviation above or below the target concentration.

Standardization of Photfosensors The light
scattering aerosol sensors were standardized to
RP/BR aerosol mass concentration values determlned
by the gravimetric filter sampling technique
previously described. The approach to callbrating
and adjusting the photosensor response was to
introduce the RP/BR aerosol into the chamber and
allow the concentration to stabillze as lndicated
by the photosensor response, A fllter sample of
the aerosol was then collected and concurrently an
Integrated value of the sensor response In
milllvolts divided by the sampling time In seconds
was determined. The photosensor ampllifler module,
that had been originlally adjusted to read 10 mV
at 1 mg/L aerosol concentration, was then adjusted
to correspond to the aerosol <concentration as
determined from the fllter-collected sample. The
output of the photosensor could then be used as a
"direct" readout of the aerosol concentration
providing continuous on |lne monltoring.

A typlcal standardlzatlion procedure of flve
photosensors simultaneously Is summarlizad In Table
2. The flve photosensors were placed In the
chamber on one shelf along with a fiiter sampling
probe. Fllter samples were collected for four
sequentlal perlods wlth flve concurrent Integrated
photosensor readings. After Set Nos. 1 and 2, the
photosensor span was proportlionally adjusted to
correspond with +the aerosol concentratlior as
determined from the filter sample. Two additlonal
sets were taken to conflrm proper adjustment.

........

.........
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Table 2:
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PHOTOSENSOR STANDARDIZATION

Aergsol Mass Concentration (mg/1) Determined bya

Filter Photosensor Nos:

Samples 1 3 4 5
1.27 0.88 1.05 1.08 1.20
1.28 0.83 1.04 1.00 1.20
1.30 1.23 1.20 1.5 1.27
1.29 1.30 1.18  1.26 1.36

RP/BR aerosol concentration was determined over 20
min collection periods for filter and photosensor

samples respectively.

Photosensor amplifier adjusted before set No. 3.
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Bhotosensor stabllilty., In the beginning of each
experiment +the photosensors were set to0 zero
before Introducing the asrosol. Rcom lighting was
kept at a minimum Jlevel and Mylar sheets were
attached to the chamber windows.

Prior to the homogenelty tests, with the
photosensors at the speclified chamber locatlons,
the amplifiers and chart recorders were set “to
zero., The effect of random room |ight was then
determined by switching off varlious combinations
of overhead |lghting fixtures. When all lights In (
front of and dlrectly over the chamber were turned
off there was no observable dlfference in the
readings compared with those obtalned In total
darkness., However, when +the photosersors were
2eroed at a given set of random positlions and
subsequently moved to other positions, the (
readings changed drastically with +the slightest
shlft, requiring the ampliliflier dlals to be reset
to zero. Thus +the photosensors were extremely
sensitive to movement. Therefore, although our
modification of the chamber door for homogenelty
testing permlts moving of +the sampliing probes (
during contlnuous operatlion of the generator, the
photosensors were wused |In fixed positlions since
the amplifiers could not be reset to zero 1In the
presence of the aerosol.

B. Aerosol Partlcle Size ' ‘

Aerosol particle slze distribution was monitored by a
plezoelectric mlicrobalance~-based 10-stage cascade Iimpactor.
The Quartz Crystal Mlcrobalance (QCM) s a cascade of
aerodynamic~tnertial Impactors, In which the suspended
particles are <class!ifled according to thelr effectlve (
aerodynamic slzes and welghed In sltu and In real-time on
the Impaction surface. Thls 1Is accomplished by usling
high-frequency, resonating plezoelectric crystals as the
Impactor plates. A bullt-In pump samples an aerosocl stream
at a rate of 0.24 liter/min, separating the aersol particles
Into 10 sequentlial stze ranges from 0.05 +o 25 um. Ten y
audlo frequencles, which are proportional to the accumulated
mass on the stages, are displayed and printed directly from
the instrument. A bullt-in computer converts the data to
the actual mass and size readings. Mass mean aerodynamlic
dlameter was calculated for each samplling polnt from the
correspondlng mass fractlon of particles accumulated on each (
stage of the QCM using a programmable calculator,

e e

Particle slze dlstributlon measurements of +the highly
concentrated aerosols were accompliished wlth wuse of a
sliding valve as shown |In Flgure 7. The sample s
continuously drawn from the chamber and when particle slze ]

........
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s to be measured the slide is pulled out and a stug of the
sample Is drawn through the QCM. For homogenelty studles of
aerosol partlicle slze, samples were collected from the
chambers sequentially from the same sampling probes provided
for gravimetric filter sample collection.

C. Iotal Phosphorus Analysls 1o Ellter Collected Aerosol
Samples

Samples collected from the RP/BR aerosol exposure
chamber for determination of aerosol mass concentration (see
above) on tared glass fiber fllters were anaiyzed for total
soluble phosphorus. The method used was a modificatlon of
the VYanadomolybdophosphorlic acld colorimetric procedure
described 1In "Standard Methods for the Examination of Water
and Wastewater", 14th Edition 1975 APHA~-AWWA-WPCF. Brlefly:
in a dl!lute orthophosphate solution, ammonium molybdate
reacts under acld conditions to form a heteropoly acld,
molybdophosphoric acid., In the presence of vanadlium the
vanadomolybdophosphoric vyellow color I's formed. The
intensity of the yellow <color |Is proportional +to the
phosphate concentration 1In the solution. The minimum
detectable concentration 1Is 0.2 mg/l phosphorus In a1
c¢cm-long spectrophotometer cuvette,

A critical step In the application of the procedure Is
the hydrolysis/oxidation of all phosphorus specles present
on the fllter to the phosphate lon form. Previous studlies
in +This laboratory have Indicated that a phosphorus (whlte
phosphorus/felt wedge) smoke aerosol probably consists of a
m!xture of polyphosphoric aclds. Crganophosphorus
compounds, If present, are at negllble levels 1In terms of
total phosphorus present In the form of acld specles.
Poiyphosphorlic aclds are readlly converted to the phosphate
torm by boltlling with nitric acld prlcr to the colorimetric
determination. However, I|f phosphorus specles are present
which are fairly resistant to oxlidation, the effectiveness
of the nitrlc acld hydrolysls oxldatlon procedure may not be
sutfliclent, To test the sultability of the nitric aclo
procedure, sodium phosphlte (NasHPO;-5H20) was assayed
(phosphite [s known to be fairly reSistant to oxicatlion to
phosphate). Indeed the nltric acld oxlidation/hydrolysls
procaedure was found to be ineffective. A procedure uslng a
two-stage oxldation, flrst wlith hydrogen peroxide and then
with nitrlc acld was found to be sultabie provicding all
traces of H0; were removed pricr to formling the
vanadomoiybdophosphoric acld complex. A small amount cf
manganese dioxide was found to be werfective In destroylng
all Hy0p1n solution.

-
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The digestion-oxidation procedures using the standard
reagent HNOy+H,S04 and the two step Hy0,/HNO3 process were
applled to a potassium monophosphate (KHyPO4) and a sodium

e phosphite (NayHPO3) standard solution respectively,
Ildentical concentration versus absorbance curves were
generated using both technliques (Figures 8 and 9). Finally,
the digestion-oxidation procedure was appllied to unknown
aqueous solutlons of phosphate and phosphite samples
supplied by our Chemistry Quallty Assurance Officer and

® analyzed. The results of these analyses, Indicated the
modifled analytical procedures to be acceptable wlith an
estimated accuracy of +5 percent.

However In the exposure chamber analyses of ftotal
phosphorus, the procedure Involved some additlonal steps:
° the digestion of +the fllter sample and a colorimetric
correction for a color which developed due to the presence
of a small amount of dissolved siiica (from the filter) In
the sample as a result of the digestion procedure. Thus the
ultimate accuracy of the test was generally close to 10 +to
15 percent

0. Iemperature and Relative Humldity of the Conditioned Alr

Humicdlty of the chamber Intake room alr was monlitored

continuously by a dew polnt hygrometer, The hygrometer Is a

tine operated, precislon Instrument for measuring dew polnt

® temperature, amblent temperature and water vapor pressure,

with direct dial readout. Thls Is accemplished by wuslng a

Iithium chioride dew point probe and an amblent thermlistor

probe. A dual channel recorder Is wused to obtain |lnear

outputs of voltage versus temperature for continuous and

simultaneous recording of both ambient and dew point

temperatures. Instrumant readlings of ambient and dew polint

temperatures and vapor pressures are taken pericdically and

percent relative humidity values are calculated according to
the foilowing formula

Pu_o

9

H

Percent RH

amb., tempr
pat, HzQ

The date are reported as percent RM ang °C ambient
temperature averaged over one day pericds.

The performance of the cdew point probe was checked by
reasuring +the dew pelint temperature of water saturated
enviranment and comparing ¥ +tc the actuvai cew pcint
measured with a thermemeter, The two dew polnt temperatures
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were within 0.2 °C, Yhe dew polnt hygrometer was
cal lbrated wlith stendard humidity environments establlished
with saturated salt solutlons. The relative humldity
measured by the dew polnt probe was within +4 percent of the
standard valuve (Table 3).

The performance of the dew polint hygrometer was checkec
with a wet and dry bulb psychrometer. The performance of
the hygrometer |s acceptabie If the RH i{s within t 6 percent
from the psychrometer valus.

E. 0Oxygen

Oxygen concentration 1In the chamber atmosphere was
monltored wlth a commercial oxygen analyzer. An integral
pump draws gas through the Instrument at a pre-determlned
rate and oxygen In the gas stream Is sensed by a solld state
oxygen detector. Instrument readout Is presented as
percentage of oxygen In the sample gas stream with the range
spanning 0 to 25 percent. Prior to use the analyzer must be
allowed to "warm up" tor 30 minutes to stablllze.

The Instrument callibration was verlfled agalinst ambient
taboratory alr dlluted with high purlty nltrogen (Table 4),.
To perform the callbration, the rate at which gas was
sampled by +the Instrument, (F2), and the rate at which
nitrogen dilution gas was Introduced Into the mixing chamber
from which the Instrument was sampling, (F1) were
determined. These flow rates were measured wusing Hasting
bubble flow meters of approprlate size whose callbration was
traceable to NBS standards. F2 was determined at 2161.9+0.7
percent ml/min, F1 which was varled, to obtaln different
oxygen levels, was In the range of 50 to 202 mi/min ard was
measured wlith an accuracy of at least 1 percent. The
concentration of oxygen sampled by the Instrument durlng
cal lbration was calculated from the following expression:

F2 - F1
Percent 02 = 20.95
F2
where F1 = flow rate of dllution gas
FZ2 = flow rate of gas sampled
20.95 = percentage concentration of oxygen In amblent alr

The overail!l accyracy of the cslculated 0, c¢oncentration
was eaestimated at 1.5 percenty thus these data indlicate that
the 0, analyzer in the above range Is accurate to at léeast
1.5 percent. '




Table 3: STANDARDIZATION OF HYGROMETER

Saturated
Solution

CaCi2 @ 25°C
NaBr @ 25°C

(NH4)2504
within 20-30°C

Standard

Humidity Hygrometer meusurements

Level, ¥ Temperature, °C  Relative Humidity, %
31 26.0 29.0Q
58 27.5 54.0
81 27.0 80.0




Table 4: CALIBRATION OF OXYGEN ANALYZER

02 Concentration, %

Indicated on Calculated in

the Analyzer Sample Gas Stream
14,2 14.1
15.0 15.1
15.4 15.4
16.0 16.0
16.7 16.9
17.5 17.6
18.0 18.0
18.7 18.7
19.1 19.2
20.2 20.2
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E. Analysls of Carbon Monoxlde, Phosphlne and Hexane

Grab samples of alr Inside the exposure chambers were
obtalned during RP/BR aerosol generation. Gas
chromatography was used to analyze these samples for carbon
monoxlde, phosphine and hexane. The samples were obtained
using 250 ml| evacuated glass flasks sealed with glass/teflon
high vacuum stopcecks contalning a septum for sample removal
with a gas syringe, The flasks Immedliately prlor to use
were evacuated on a |aboratory gas handling vacuum line
(mechanlcal oll pump and liquld nitrogen trap) to <1 mm Hg
pressure. Pressure was measured on a Wallace and Tlernan
pressure gauge (0-800 mm) graduated In millimeters. This
pressure gauge was callbrated on a weekly basis, using the
vapor pressure of n-pentane at 0° C, and was accurate to + 3
percent. The glass flask was attached to the vacuum line
using a high vacuum O-ring seal. A similar seal was used to
attach a1 f+ length of 1/8 In OD stainless steel tubing to
the flask when sampling the exposure chamber atmosphere
through a sulitable opening In the chamber wall. This tubing
and connecting Swagelok had dead volume of less than 3
percent relative +to +the sample volume. All samples were
obtalned from the same nominal position 1In the chamber,
midway between top and bottom and about 1 ft from the side
wall. "Blank" samples weres obtalned from +the alr 1In the
room containing the exposure chamber,

Carbon monoxlde was measured with a Varian Trace Gas
Anglyzer fltted with a helium fonlzation detector. The
stalnless steel column 20 f+ long and 2,0 mm |D was
packed wl+h molecular sleve B5A, The <carrler gas,
Matheson UHP Hellum, was metered at 35 ml/min +through
the column, which was maintalned Isothermal at 100° C.
The gas sample Yo be analyzed was Introduced 1Into the
gas chromatograph via a gas samplling loop on the vacuum
line, The latter was flliled with a known pressure of
gas from the sample flask attached to the gas handling
llne, The chromatograph was callbrated using a
Matheson callibration standard contalning 23.7 ppm(v) CO
In dry alr. Callbrations were made each day on which
the chamber samples were analyzed. From these
callbration data a minimum detectable limit for CO of 1
ppm(v) was estlimated, with an overall accuracy of + 15
percent for the reported analytical data.

Phosphlpe was measured on a Hewlett Packard 5840 gas
chromatograph fltted with a nitrogen-phosphorus
detector. A glass column 3 ft+ long and 2.0 mm |ID was
packed wlth porapak N, 100/120 mesh. The column was
run usling a temperature program of 75° C for 1.8 min,
Increasing temperature at 9° C/min +o 190°C, The
carrler gas used was zero grade hellum at a flow of 25
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ml/min, Chamber samples were Injected Into the
chromatograph using a 5 ml gas *tight syringe. The
chromatograph was calibrated with an Alr Products gas
standard containing 13,0 ppm(v) phosphine In nitrogen.
In generating data for the calibration curve microliter
samples (20 yl maximum) of +the calibration gas were
Injected Into the chromatograph. A minimum detectable
limit of 5 ppb(v) was estimated. Six chamber gas
samples were analyzed. To Increase the sensitivity of
the analyses, 5 ml samples of gas were Injected Into
the chromatograph. In addltton, these analyses were
usually made only a few mlnutes after collecting the
sample Yo avold possible loss of phosphine due to
hydrolysis. No +time dependence of the phosphine
concentration was observed over a period of 30 min.

Hexane Grab samples of hexane were measured on a
Hewlett Packard 5840 gas chromatograph fltted with a
flame lonlzation detector. A glass column 6 ft long
and 2.0 mm Inner dlameter was packed with chromosorb
102, 60/80 mesh. The column was run Isothermally at
175°C with a hellum carrler gas flow rate of 30 ml/min,
Samples were Injected Into the chromatograph with a 1
mm gas tIght syringe. The chromatograph was callibrated
with a Matheson standard gas contalining 0.907 percent
hexane In nltrogen, A minimum detectable Ilimit of 1
ppm(v) was estimated.

IV. AERQSQL HOMOGENEITY STUDIES
A. Approach

The objective of these studles was to evaluate spatial
and temporal homogenelty of +the chamber atmosphere In a
three-dimensional array of polnts +through a procedure of
slmultaneous sampling with animal surrogates In place. For
the pilot chamber, sufficlent numbers of sampling polnts
were selected to allow for characterizatlion of spatial
aerosol homogeneity wlthin the chamber along with a serles
of sequential samples that were taken from a slingle or from
multiple random!'y selected flxed polnts to define temporal
homogeneity fo- a perliod corresponding to the duration of
the longest exposure. The aerosols were monltored for mass
concentration, particle size and total phosphorus content at
thres generator settings (aerosol concentrations)
replicating all tests at each generator setting three times.

After standardlzation of the pliot chamber was
completed, a slngle generator setting was randomly selected
for each of the four remalning chambers and spatlial and
temporal homogenelty +tests for the above mentlioned aerosol
parameters were conducted. Three repllicate experiments were
conducted for each generator setting l.e., for each chamber.
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The ultimate objectlive was to reduce the variability of
spatial and temporal homogenelty, with approprlate chamber
modl fications 1f necessary, to + 20 percent of the mcan of
each parameter  throughout the chambers and range of
concentrations tested. Thls percentage |imit was =z change
from the =+ 15 percent origlnally targeted in the contract.
The decislon was based partly on experience obt2ined In
exploratory aerosol generation experiments that demonstrated
the Iimits in engineering controls of +the generators in
actual daltly use assoclated with The varleslllity In
conslistency of the RP/BR blllets, |In other words, aerosol
concentrations were adjusted to speclified levels using a
generator extrusion pump setting established previcusly for
that concentration, The observed extrusion pruassures, and
consequently, the extrusion rates and the resulilng aerosol
concentrations still varled, indicating possible differences
In RP/BR billet consistency, or internal cianges 1In the
generator extrusion mechanics from burn to burn, In
addition, although statistical analysls of +the avallable
pilot chamber data showed spatial and tempo:al homogenelty,
I+ was not unusual for an occasfonal polrt +o deviate as
much as 20 to 30 percent from the overali chamber mean. |In
ltght of this and on the basls of +the recommendation of
[ITRI's blostatistical <conrsultant the spatial and temporal
varfabtiity limits were revised from 15 to +20 percent of
the mean.

1. Pllot Chamber

For the pilot chamber homogenelty studles a sampling
schedule for 25 locations In a three-dimensional array of
polnts (Figure 10, A and B) was de.lgned based on aerosol
physical considerations

in order to faclliitaie uniform access of +the sampling
probes for homogenelty testing into the chambers, an acrylic
plastic panel was fitted to replace tLe front door for the
duration of the homogenelty ,tudles. Twenty-flve 39 In long
stalnless steel tubes, were positioned <0 weach shelf had
three tubes set a. each slide for a total of six tubes per
shelf plus one at the geometric <center of the «cublcal
portlon of the chamber (Flgure 11). The tubes at each shelf
tevel entered at approximately the middle of the cage helght
and protruded 1Irto the chamber for a distance of 3, 18 and
33 in, respectively. Thls design assured that the aerosol
samples always sraveled the same distance from the sampling
point to the collecting fllters which were attached to the
outslide end of each tube. Aerosol samples for measurement
of particle size also were taken from these locations. In
addition a port at each of +the groups of three tube
lecations plus o¢ne In the center of the chamber werse
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provided for access for the optical sensors,

Aerosol homogeneity tests were conducted In +the pllot
chamber at 25 |ocations per concentration, at TtThree
concentrations with three replicate experiments at each
concentration, The sampling methods used for determination
of aeroso!l mass concentration and total phosphorus content
by fllter-collectlon, for aerosol mass concentrations wlth
optical sensors, and for aerosol! particle size by a QCM
cascade Impactor were previously descrlibed. (The mass mean
aerodynamic dlameter was wused for +testing spatial and
temporal homogenelty of particte size). Similarly,
measurements of temperature and relative humidity of +the
conditloned alr and the oxygen levels 1In the exposure
chambers have been also discussed. (Section 11l Chamber
Sampling Methods). Temperature and refative humidity were
monitored <contlinuously and malntained In the specified
ranges of 24-27°C and 40 +to 60 percent RH, Oxygen
concentration was measured In the chamber once durlng each
replicate test and was consistently 21 percent.

The three test concentrations were selected on the
following basis: the lowest operational concentration (C1:
approximately 0.2-0.3 mg/1) of the RP/BR generators at the
500 liter/min constant alr flow rates used In our chambers;
the highest concentration (C3: approximately | mg/l) +that
could be maintalined for the 4-hr testing perlods using the
larger 0.75 In dliameter RP/BR billets provlided by ORNL In
the generators and operating at 500 {iter/min flow rates;
and an Intermedliate concentration (C2: approximately 0.5
mg/1) chosen between C1 and C3.

The concentrations were adjusted to these specified
levels by usling generator extruslon pump settings
established In previous exploratory experliments, For each
ot the replilicate +tests, at & glven concentratlion, the
settlngs were malntalned constant, The resuliting extrusion
pressures f{(and consequently the aerosol concentrations)
still wvaried, Indicating possible dlfferences In RP/BR
billet consistency, or Internal changes In the generator
extrusicn mechanlcs from burn to burn., Thls <could expialn
the residual varlations In aerosol concentrations cbserved.

Spatlal hoimogenelty of the aerosol was determined with
fllter-collected samples according Yo +the outlinss
shown in Figures 12 A and B. Among the 25 samplling
locations shown polnts were chosen In sets of five
based on a stratlified random sampling scheme., Each set
consisted of four randomly selected polints, one from
each shelf and a common polint (C or No 2%} located afv
the <center of the chamber (not on a shelf), In order
tc cover the entlre 25 {ocations within the |imits of
avallable sampling lastrumentatlion (sampling pumps and
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gas meters) six sets of five simultaneous sampling
points (set numbers 1-6, Figure 12B) were used for each
replicate experiment at each aerosol concentration
tested. For spatial homogeneity aerosol particle size
was monitored sequentially at each of the 25 sampling
locations with a QCM cascade Impactor during each of
the replicate experiments.

Jemporal Homogenelty. For wevaluation of temporal
homogenelty four optical sensors were placed In fixed

positions (set number 7, Figure 12B) randomly selected
on the four shelves, with an additlional sensor in the
center of the chamber, position No. 25. Aerosol
concentration at these locations was monitored and
recorded contlnuously, for 4-hour periods, with *the
optical sensors connected +to multipie strip chart
recorders. To properly correlate the photosensor and
the gravimetric aerosol mass concentratlion measurements
integrated slignal average readlngs were also taken
simul taneouslty from the flve photosensors at
predetermined Intervals during the contlnuous chart
recordings. These Integrated photosensor readlings were
used for statistical evaluation of temporal
homogenelty. In additlon, In position Noc.25
filter-coliected sample-readings were also taken for
determination of temporal homogeneity In coordlination
with the photosensor readings. Particle size temporal
homogenelty was also determined 1In six sequentlal
readings from this center pc-ition during a 4-hr

perlod.

The randomization pattern was malntained constant
for all three concentrations. Thus, the pliot chamber
study produced 75 (3 concentratlions x 25 locatlions)
sets of fllter-collected data for spatial homogenelty.
For evaluation of temporal homogenelty there were 18
sets of data for fliter- collected samples (3
concentrations x 1 locatlon x 6 sampling periods) and
90 sets of data for the Integrated photosensor readlngs
(3 concentrations x 5 locatlons x 6 sampling periods).
The sampling pattern for total phosphorus levels and
particle sltze follows +that of +the fllter-collected
samples. A summary of the sampling frequencies for the
spatial and temporal homogenelty tests Is presented in
Table 3.

2. Addlilopnal Chambers (Nos. 1. 2. 4 2and 32

Based on the statistical results obtalned from the
pliot chamber homogenelty test data the number of sampling
polnts per chamber for Chamber Nos. 1, 2, 4 s&nd S5 was
reduced from 25 to 17, Thls modification was mctivated by
the results of statistical power caltculations. These
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A. Sampling Points on Chamber Shelves

1 4 7 10

2 5 8 N

3 6 9 12
Shelf 1 25/C Shelf 2

13 16 19 22

14 17 20 23

15 18 21 24
Shelf 3 Shelf 4

B. Random Selection of Sampling Points

Sampling Pgint Sets for:

Shelf Filters Photosensors
o. T Z 3 4 5 6 T
1 5 3 2 i 6 4 6
2 10 N 8 7 12 9 8
3 17 14 15 18 13 16 18
4 19 20 23 22 21 24 1§
C 25 25 25 25 25 25 25

C not on shelf but in geometric center of chamber space

FIGURE 12. SAMPLING DESIGN FOR MEASUREMENT OF AEROSOL HOMOGENEITY IN
PILOT CHAMBER {NO. 3)




Table 5: SAMPLING FREQUENCIES FOR SPATIAL AND TEMPORAL HOMOGENEITY
TESTING IN THE PILOT CHAMBERa

Factors Affecting Spatial Test Temporal Test
Sampling Frequency Filter Samples Photosensor Filter Samples {No. 25)
Location 25 5 x ﬁb 1 x 6b
Conceantration 3 3 3
Replication 3 3 3
Total Sample Number 225 270 54

4 Aerosol mass concentration determined by optical s nsor and gravimetric
filter collection methods, (total weight and total phosphorus); aerosol
particle size detemined by a QCM.

b Six coliection periods during the 4-hr periods for .ategrated
photosensor readings and filter samples in Position No. 25.
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results indicated that with the relatively low varlabillity
observed In these data, 25 points produced extremely small
type |1 (false negatlve) error rates, such that, deviations
of only 5 to 10 percent were statistically signiflicant.
Therefore, the reductlion of the number of sampling locations
produced statistical sensitivity responsive to dlfferences
of 15 to 20 percent that was more concordant with the
IImitations of the aerosol generatlion and monitoring system
and the wvarlabllilty In +the RP/BR materlal. The revised
sampling design Is shown In Figures 13 A and B. Among the
17 sampling locatlons shown, polnts were chosen In four sets
of five based on a stratlified random sampling scheme. Each
set conslsted of four randomly selected points, one from
each shelf and a cummon polnt (No. 17) located at the
center of the chamber.

Spatlal homogenelty of aerosol mass concentration was
determined with fliter colliected samples. To cover the
17 locatlions four sets of flve simulitaneous sampling
polnts were used (set numbers 1-4, Figure 13B) fer each
repllicate expariment. Spatial homogenelty of particle
slze was monitored sequentially at each of the 17
sampling locations for each replicate experiment with
the QCM cascade Impactor.

Jemporal homogenelty of aerosol mass concentration was
evaluated by placing four photosensors In randomly
selected flxed posltions, one on each shelf (set number
7, Flgure 13B) with a fifth photosensor In the center
of the chamber (position No, 17). The aerosol
concentration at these locatlions was monitored anc
recorded contlinuously for 4-hr perlods with the
photosensors connected +to strip chart recorders. For
comparison with thae filter sample measurement and for
statistical evaluation. Integrated signal average
readings were taken slimultaneously from the flve
photosensors at six predetermlned Intervals durlng the
4-hr test perlod. The center position (No. 17) was
also sampled sequentially for aeroscol concentration by
filter samples and for particie size In coerdlnation
with the Integrated photosensor readlings during the
4-hr test periced.

The above sampling schedule for Chamber Nos. i,
2, 4 and 5 was further revised with respect o anealysis
of tctal phosphorus on the fllter sampiec coliected for
gravimetric determination of aaroscl Tass
concentration. This medificatlion was gisc motivated by
stetlisticol power censliderations., i *he origiratl
design, the large number cof sampies woulg resuit in the
rejectlion of +the saull hypothesis (l.e. rejecticon ot
spatial ané temporai bhomogenrneity) ftor deviations thaet
eare not meaningful for this analytical procedure. As




A.  Sampling Points on Chamber Shelves

1 3 5 7]

2 4 6 8
Shelf 1 17/¢ Shelf 2

9 11 13 5

10 12 14 16
Shelf 3 Shelf 4

B. Random Selection of Sawpling Points

Sampling Point Sets for:

Shelf Filters Photosensors
No. T 2 3 4 5 & 7
] 3 4 2 1 4
2 5 6 8 7 6
3 10 g 11 12 1
4 15 14 16 13 16
C 17 17 w3 37 17

C not on snelf but in geometric center of chamber space

FIGURE 13. SAMPLING DESIGN FOR MEASUREMENT OF AEROSOL HOMOGENEITY IN
CHAMBER NOS. 1, 2, 4 AND §
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the studles progressed [t became Increasingly evident
that In the total phosphorus determinatlion the
complexity of the analytlical procedure was coupled with
the aerosol ftilter-collection sampling. The potential
experimental errors of both methods were carrled over
into the final analytical results of percent phosphorus
Iin tThe chamber atmosphere thereby causing more
varlation In +thls parameter than originally expected
from the precislon estimated for the spectrophotomatrlic

method alone. In additior, becauss of +the time
consuming and labor Intensive nature of the analytical
method ali other results in homogeneity testing wers

completed In each chamber long befors there was any
definitive Information on +the total phosphorus data.

This made the final evaluation process rather
cumbersome and caused delays In declston making. Thus
after discussion with [ ITRI's consultant

biostatisticlan, the sampling design was revised to
include total phophorus analyslis on four sampling
positions located on shelf Nos. 1 and 4, (top and
bottom) for a total of elight samples per repllcate
test, The determinations were conducted from tThe
filters collected for mass concentration and the
analyslis was In accordance with the protocol speclfled
for the Pilot Chamber tfests.

B. Results of Statistical Apalysls

The goal ot the statistlical analysis of these data was

to test +the nuifl hypotheses of the spatial and temporal
homogenelty In flve Inhalation chambers. In the presence of
statlistically sligniflcant wlithin-chamber location

differences the null hypothesis of spatlial homogenelty must
be rejected and It can be concluded that the chambers were
spatlally heverogeneous. In the presence of statistically
signiflicant between time-polint ¢lfferences the null
hypothesls of temporal homogeneity must be rejected and It
can be concluded that +the <chambers were temporally
heterogenecus. |n the absence of statistical =slgnlflcance,
It could be concluded *.at ti.e chambers were both spatiatly
and temporally homcgeneous. Furthermore, the conslstency of
homogenelty condltions across different concentrations and
+lfterent chambers was also examined. Spatial and temporai
homogenelty was tested in terms of aerosol mass
concentration (by +fllter sampling, and from photosenscr
readings), particlie size (mass mean aerodynamic diameter)
and percent phosphorlic acid (from fllver collected samples).

A note of cauvtion, as previously Indicated due to the
large number of chamber tltocations and replications,
differences that are statistically slgnlflcant may not be of
any practical importance. In other words, the large number




of samples would result In +the rejection of spatial and
temporal homogeneity for deviations that are not meaningful
from an engineering perspective. Thls Is due to the finding
that the reproducibllity of Individual experiments was
extremely hlgh. This exceptional reproduclblility (low
variabtiity between replicates) coupled with +the large
number of locations (lairge sample slzes), causes statistical
slgnificance to occur for extremely small between location
deviations (5 +to 10 percent). In order to obtaln
sensitivity at the a prlorl ltevel of 15 to 20 percent, which
Is within the known |Imlits of generator performance and
variabiility In the RP/BR materlal, our only alternative was
to decrease the sample slze, that Is sample fewer locations.
In the following both the statistical signlificance of
results as well as the effect size expressed In terms of
percent mean devliatlions for locations and/or time polnts Is
descrlbed. The Joint Type 1 (false positive) error rate was
set a prlorl at 5 pe-cent and an effect size of +20 percent
from the overall chamber mean was chosen.

1. Statistical Model

The statistical model used for +the analysis of the
Pilot Chamber (No.3) was a three factor mixed-model analysls
of varlance. Concentration (target concentrations of 0.2,
0.5 and 1.0 mg/l) and location :shelf Nos, 1, 2, 3, 4 and
center polint C) were considered to be the fixed factors In
the deslign, whereas repllcation (1, 2 and 3) was consldered
rardom; hence +the term "mlxed model ", This model
determines if: a) between location dlfferences are
nonsignlficant (there Is spatial homogenelty) and [f b)
differences between locations depend on concentration (there
Is a concentration by location Interaction),

Similarly, the analysis of +temporal homogenelty also
utlilzed the three-factor mixed-model analysis of varlance.
In this case, time was substltuted for locatlion as the
second factor [In the design. For the case ot photosensor
readings, temporal data were colilected at flive randomly
selected locatlons; tharefore, fthe spatial by temporal
interactlion (l.e. iocation by time) was also evaluated.

Between chamber comparisons were made by comparing
overall means and examining deviatlons between The
parameters measured in the pllet chamber (No. 3) and each
of +yhe cother chambers (Hoz. 1, 2, 4 and 5) at epproprlate
concentratlowns Finatly, individual location levels were
also ragnrted . h percent mean devistion units




X. e
Percent Deviation = le ' 100
i

where | designates chamber number and | location,

2, Pllot Chamber (No, 3}

The means and standard deviations (SD) and the numbers
of samples taken (N) at each sampling locatlion and for each
parameter tested are summarized In the Appendix In Table A-1
for the Pilot Chamber (No. 3) and Table A-2 for Chamber
Nos. 1, 2, 4 and 5.

Spatial Homegenelty. Filter collected sanples
measuring aerosol mass concentration were found to be
spatially homogeneous (F=1.95, df=4/252, p=0.19). This
homogenelty was consistent for all three concentrations
(F=1,52, df=8/252, p=0.29)., Similarly, phosphoric acid
levels determined on the filter samples were also fourd
to be spatially homogeneous (F=2,34, df=4/230, p=0.19)
and homogenelty was not affected by concentration
(F=0.37, df=8/230, p=0.69). In contrast, particle
slzes were not  homogeneous (F=18,01, df=4/189,
p<.0001). Particle slzes Increased from the top tc the
bot+om of the chambers and also Increased wlith
Increasing concentrations., However the size of this
shelt to shelf variablllity dld not increase with
concentration (F=1.94, df=8/189, p=0.19)

Yemporal Homegeneliy. Temporal homogenelty was
measured In two ways. Flrst, time averaged photcsensor
readlings (measurling aerosol mass concentiration) were
determlined at flive locatlons across six time-points
over four hours. Second, fllter samples, (for aerosol
concentration), particle slze and phosphorlic acld
levels were repeatedly measured for slx time Intervals
over a 4d-hr perlod at the slngle center polnt. These
two approaches allowed tor more compiete
characterlzation of temporal hcmogenelty.

Aerosol concentratlion as determined by filter
collected sarples was temporally homogenecus as a whole
(F=0.63, df=5/34, p=0.59), and for each concentration
tested (F=0.62, df=10/34, p=0.!.). Also !n terms of
photosensor measurements, aerosol concentration
demonstrated temporal homogenelty (F=,71, df=5/248,
p20.59) which remalned conslstent at all concentrations
tested (F=1.71, dt=10/248, »p=0.14). An Important
finding was that particle slze remained temporally
homogeneous (F=0.62, df=5/34, p=0.59) although
statistically there was spatial heterogenlety(see
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above). Simitarly, homogenelty was not affected by
concentration (F=1,02, df=10/34, p=0.29). Finally,
phosphoric acid levels also exhlblted temporal
homogenelty across all concentrations (F=0.47, df=5/34,
p=0.69) and there was no concentration by time
interaction (F=1,10, df=10/34, p=0.29).

3. Jlnter-Chamber Comparison

In an effort +to verlify +that +the +temporal and
spatial homogenelty obtalned In the pilot chamber was
consistent with that 1In tThe other four chambers,
(Chamber Nos. 1, 2, 4 and 5) statistical analysls for
each chamber was performed. In addition max|mum
location deviatlions in fterms of worst case shelf means
were calculated for each of these chambers relative to
the overa.l chamber means of each of the chambers,
(Table 6). For chamber No. 1, the worst shelf mean
deviated 5 percent from the overal! chamber mean for
filter samples, 15 percent for particle size, 4 percent
for photosensors and 6 percent for phosphoric aclid.
The worst case for chamber No, 2 was 13 percent for
filter samples, 9 percent for particle slze, 4 percent
for photosensors, and 4 percent for phosphoric acid.
Simllarly, the worst deviation for chamber No. 4 was
14 percent for filter samples, 12 percent for particle
slze, 4 percent for photosensors, and 3 percent for
phosphorlic acld. FInally worst case results for
chamber No. 5 were 17 percent for filter samples, 8
percent for particle slze, 6 percent for photosensors,
and 2 percent for phosphorlc acld. Given that the
worst case for all chambers was a 17 percent devlatlion
from the overall chamber means, we concluded that all
chambers exhliblted both spatlal and temporal
homogenelty.

Statistical sligniflcance levels, F statistics and
degrees of freedom for tests of Chamber Nos. 1, 2, 4
and 5 are dispiayed In Table 7. Many of +these tests
were slgnificant; however as previously dlscussed, the
sensltivity of the statistical evaluation 1Is beyond
what can be required with +the glven engineering
limitations of the system. In I 1ght of this,
statistically significant deviations that are in the
worst case only 17 percent, thus under the 20 percent
varlation |I|imlt we have set as our goal, are stiil
considered to represent adequate levels of homogenelty.

Percent deviation for individual tocations are
displayed In Tables 8 and 9. These percentage
devliations have been derived from the mean observation



Table 6: PERCENT DEVIATION FOR THE WORST CASE SHELF MEAN IN
CHAMBER NOS. 1, 2, 4 AND 5 FROM THE OVERALL CHAMBER MEAN

Percent Deviation from Overall Chamber Means for
Chamber Filters Particle Size Photosensor % H3POgq

1 5 15 4 6
2 13 9 4 3
4 14 ' 12 4 3
5 17 8 6 2




2p°0 12/¢ 160 6000 8G/¢¥ G'S w1t L8/ L°L 89° oL/s 90 1000° 85/¢ 274 5 -

G9°0 lg/2 S¥°0 vl1- 98/t 8°L Ll 85/ S0 59° oL/s L0 9000° 95/% 8°S v
/9°0 8¢/Z Lv'0 1000° 6S/v ©°8 2000° 85/6 079 12N oL/s 670 20" 65/ 2°¢ 4
g/°0 b/t ¥v°0 1000° 2S5/¥ G°/2 200 tS/9 0°¢ L6° 6/6 2°0 600" €S/v L€ L
>d ) 4 >d 3P 4 >d 4P 4 >d 4P 4 >d 3P 4 “ON
pLoy dtaoydsoud % 9ZLS 9|d134ed 40SUas030ud A:owumooﬁmmﬁu;mucmuv (suoi3edo( {i®) Jaguey)
so|dwes 4334 sajdwes 4a3Ld

UOL3RJFUBIUOY) SSBY |0S0J43Y

G ONY ¥ €2 L "SON YIgWvHD ¥04 Sy3L3WWYd NOILVATVAI IYIILSILIVIS <L 9LqRl




s s % Y

L <"

PERCEKT DEVIATION OF MEANS OF INDIVIDUAL SAMPLING POINTS FROM OVERALL CHAMBER MEANS IN THE PILOT CHAMBERA

Table B.

Percent Deviations of Sampling Position Means from Overall Means in Pilot Chamber

Target Concentration } (0.2 mg/1)
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bChamber center point.
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‘data llisted In the Tables A-1 and A=2 of the Appendlx.

For each parameter and at each test concentration the
deviations for 25 sampling position means from the
overall chamber means are summarized In Table 8 for the
pllot chamber. Table 9 shows for Chamber Nos. 1, 2, 4
and 5, at one concentration each, the deviations of the
means of 17 sampling positions from the respective
overal |l chamber means.

Examination of these Individual sampling location
deviations throughout the flve exposure chambers
demonstrates that out of 431 locations shown In +the
tables a total of only 26 deviated more than 20 percent
from the overall chamber means. Thls 6 percent flgure
s exactly what we would expect by chance alone. In
additton, out of these 26 iaocations the four worst
cases were In the pilot chamber (34 percent for fllter
samples, position No. 9, concentration CIl ; 23
percent for photosensors, Position No. 19,
concentration Ci{ and 37 percent for phosphoric acid,
Position No. 1, concentration C2) where spatial and
temporal homogeneity have been previousiy establlished

statistically. In tact, there were smaller devliations
in the four additional chambers than 1In +the pllot
chambar. Thus these data show that +the varlous

parameters describing aerosol homogenelty stayed within
the speclfied 20 percent limits of the overall chamber
means 94 percent ot the time for the five chambers;
therefore, these observations support the concluslion
that spatial and temporal homogeneity was achleved in
all chambers.

In addition, Inter~chamber ccmparisons were made.
The overall mean for each parameter and for each
chamber was compared to the overal! means of the pllot
chamber for that respective concentration level. The
data In Table 10 demonstrate that all between-chamber
comparisons were within 16 percent of the pliot chamber
for all measured parameters; hence |t was concluded
that the targeted concentration values were attalned In
the additlonal chambers.

Agalin, statistical analysls ot these data ylelded
wlxed results. Chamber Nos. Z and 4 were
significantly different from thelr respectlive
concentrations (determined by flilter samples) in the
pitot chamber (tg=4.3; p<0.01 and #g=5.1; p<0.001);
however chamber Nos. 1 and 5 were not (#g=1.1; p<0.5
and +,=3.0; p<0.8). In contrast when concentratlions
dotermined by photosensors were ccmpared to chamvers
No. 1 (¥15=7.69; p<0.001) and No,. 5 (+;,5=2.36;
p<0.05) weore dlfferent from the pllot chamber values,

whereas chambers No. 2 (t10=0.42; p<0.7) and Nc. 4
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(t10=1.58; p<0.2) were not. In terms of particle slze
only chamber No. 5 was dlfferent from +the pliot
chamber (t3=2.86; p<0.05) whereas chamber No, 1
(1‘8':0063;; p<007); No. 2 (¢t 30099; p<0.6) and No. 4
(tg=0.52; p<0.8) were not. n case of phosphoric acia
chambers No. 1 (tg=6.04; p<0.001) No. 2 (t;=3.83; op
< 0.01) and No. (t=9.17; p < 0.001 were different
and No. 4 (tg=0.91; p<0.6) was not.

The Individual shelf and center polnt means as
wel | as overal | means obtalned from multiple
determinations of aerosol mass concentratlion particle
slze and percent phosphoric acld for each chamber and
each concentration level tested are summarized 1In
Tables 11, 12 and 13, Also shown In Table 14 are
aerosol concentration means obtained from the flve
photosensor locations over the predetermined six time
perlods for each chamber and at each concentration.
Comparling the overall means In Tables 11 and 14 shows
generally good consistency for aerosol mass
concentration determined by fllter-collected samples
and photosensor readlings respectively. The correlation
between the two methods improved after the measurements
in the plliot chamber were completed and studies In the
additional chambers vere Initliated because that was
when the detaliled <callibration Instructions fer the
photosensors were recelved and further Iimprovements [n
the standardization procedure could be made.

It was mentioned before and It Is also evident
from Table 12 +that particle slize, expressed as mass
mean aerodynamic dlameter, appears to lncrease from top
to bottom In each chamber (with aeroscl residence time)
and also with Increasing aerosal concentration. The
chamber gradient within each concentration, however Is
genesrally within the preclislion of the cascade Impactor.
On the other hand, the change in particle size for the
entlre concentratior range tested was 0.3 to 0.6 um
mass mean aerodynanmic diameter whlich repreéesents
particies that can be Inhaled and deposited In the deep
lung.

When viewlng the range In percent phospheoric acid
data (Table 13), which was shown +0 be within the set
varfabllitty limits of 20 percent, It must be emphaslized
that the spectophotometric determination Involves 3
compiex multistep analytical procedure that may
Introduce experimental errors after the actual "chamber
monltored™ measurements of +the fllter welghts are
takean.
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C. Analyses for Carbon Mopoxide, Phosphlne and Hexane

1. Carbon Monoxide

On selected occaslons during the homogenelty studlies
chamber alr samples collected at representative RP/BR
aerosol mass concentrations were obtained and analyzed for
carbon monoxlde. The data so obtalined are presented In
Table 15. For completeness, the callbration curves used In
deriving the data are shown in Figure 14 and 15, With the

exception of Study No. 35, the carbon monoxlde
concentration levels found In a glven sampling were
consistent with each other, although conslderable

varlability from experiment to experiment was observed.

0f the data In Table 15, only those obtalned on 2-4-83
and 2-23-83 showed any detectable carbon monoxide In the
"blank" room alr samples. Indeed these "blanks" appeared to
contaln more carbon monoxide than the chambers themselves.
Such a finding did not seem reasonable and In most of +the
subsequent experiments "blank" alr samples from the hal lway
outside of the laboratory were also analyzed as a posslible
check of the buildlings carbon monoxide levels, In none of
these samples was carbon monoxide ever detected. On balance
I+ Is belleved that the data obtalined In the experiments on
2-4-83 and 2-23-83 should be rejected.

From the remalinlng data, chamber carbon monoxide levels
appear Yo vary between about 5 to 22 ppm(v) with no obvious
correlation with chamber RP/BR aerosol loadlng. A simllar
varlability 1In carbon monoxide levels was found 1In a
previous study conducted 1In our laboratorles on the
cemposition of white phosphorus/felt wedge smoke.

2. Phosphling

A total of slx exposure chamber alr samples obtalned at
rapresentative RP/BR agrosol test concentrations were
obtalned and analyzed. 7Yo Increase the senslitivity of the
analyses, 5 m! samples of the gas were Injectad Into the
chromatograph. A typical callbration curve 1is shown in
Figure 16 and analytical data obtained are presented In
Table 16. In only +three of the chamber samples was
phosphline detected. The concentration was so |low that
accurate quantification by the <chromatograph peak area
integrator was not possible. The numerlical values llisted In
Table 16 are aporoximate upper limit values based on peak
helght measurements.
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Table 15: DETERMINATION OF CARBON MONOXIDE LEVELS IN THE RP/BR AEROSOL EXPOSURE CHAMBER

RP/BR
Sampling Date Aerosol Sample
Study Date /Sample Mass Conc. Size Ave. Relative Concentration
No. Analyzed Number mg/1a {torr) Area  Response ppm{v)
35 2-24-83 2-4-83/2 1.10 250 347417 0.03762 5.23
2-24-83 2-4-83/3 1.10 150 50406 0.03232 10.86
3-1-83 2-4-83 Blank 150 92260 0.02559 15.80
45 2-24-83 2-23-83/1 0.59 250 70778  0.02814 7.97
2-24-83 2-23-83/2 0.59 250 45545 0.03368 6.14
3-1-83 2-23-83 Blank 100 80875 0.02714 21.95
48 2-24-83 2-25-83/1 1.07 150 54150 0.03139 11.33
3-1-83 2-25-83 Blank 250 0.0 0.0 0.0
49 2-28-83 2-28-831 1.09 250 87654 0.02757 9.67
2-28-83 2-28-83/2 1.09 250 68387 0.03048 8.34
3-1-83 2-28-83 Blank 250 0.0 0.0 0.0
528 3-15-83 3-7-83N1 2.12 250 115118 0.02420 11.14
3-15-83 3-7-83 Blank 250 0.0 0.0 0.0
3-16-83 3-15-83/2 1.04 250 42050 0.03467 5.83
3-15-83 3-15-83 Blank 250 0.0 0.0 0.0
3-15-83 3-15-83 Hallway
Blank 250 0.0 0.0 0.0
3-16-83 3-15-83 Blank
at Meter Exit? 250  ¥9418  0.04020 4.73
578 3-16-83 3-16-83N1 1.02 250 44026  0.03402 5.99
3-16-83 3-16-83/2 1.02 250 38862 0.03582 5.57
3-16-83 3-16-83 Blank 250 0.0 0.0 0.0
578 3-18-83 3-18-83/1 0.93 250 56238 0.02857 6.43.
3-18-83 3-18-83 Blank 250 0.0 0.0 0.0
57A 3-18-83 3-18-83/% 0.33 250 56191  0.0294) 6.05
3-31-83 3-18-83 8§lank 250 0.0 0.0 0.0
64 3-31-83 3-29-83/1 0.54 250 71730 0.02780 7.98
J.31.83 3-29-83/2 Q. 250 66769 0.0 1.63
3-31-83 3-25-83 Blank 250 0.0 0.0 6.0
a

Determined gravimetrically from filter-collected samples.

b Air exhausted from the exposure chamber through gas meter used to monitor air
flow through the filter samples.
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TN Table 16: DETERMINATION OF PHOSPHINE LEVELS IN THE RP/BR %
N AERQSOL. EXPOSURE CHAMBER i
° ¢
'fo 5:5 RP/BR Aerosol PH3
RN Study Mass Conc. Sampling Sample Concentration
R No. (mg/1)a Date No. ppb (v)
Y 468 3.09 2-2-83  1-C <10 S
2-C <10
Blank 0.0
48 1.07 2-25-83 1-D 0.0 €
Blank 0.0
49 1.09 2-28-83 1-E 0.0
Biank 0.0
57 0.93 3-18-83 2-d 0.0 ¢
57 0.33 3-18-83 2-K <10
8lank 0.0
|
Determined gravimetrically from fitter-cellected
samples.
<
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3. Hexape

Three sets of exposure chamber alr samples were
obtalned and analyzed for hexane In the 1| tc 3 mg/I RP/BR
aerosol concentratlion range. No hexane was detected in any
of the samples above the minlmum detectable iimit of 1 ppm.

V. CONCLUSIONS AND RECOMMENDATIONS

Extenslve statistical analysls of the pllot chamber
revealed <condltlons of spatial and temporal homogenelty for
fliter and photosensor samples and for percent phosphoric
acld levels, Although a statistically signiflcant, spatial
partlicle size gradlent was found, this gradient did rot
affect homogonelty of aerosol concentration. More
importantliy, the change encounterad was not significant
biologlcally 1in terms of inhalation and deposition Into the
tracheobronchial reglon and the deep lung. Particle slze
dlistributlion vas homogeneous when measured over time.
Although Inspecrion of four additional c¢hambers revealed
some slignificart deviations from a statistical point of view
theze were under the 20 percent variation limits set for the
homogeneity tests on the baslis of engineering performance of
the compiex test article=- generator-chamber system.
Therefore, we concluded that conditlions in these chambers
were also homcgeneous.

In reviewing the data, an Interesting dlichotomy s
noted. The pllot chamber which has the most samples was
hemogeneous and the other chambers that have fewer samples
were not statistically homogeneous. Since we are claiming
that statistical powar analyslis suggests a gross
oversampling, this finding would appear to be contradictory.
Thls contradictlon can be weaslly resclved. Statistical
stgniflcance In this study Is a function of three things:
between repilcate varialility, between shelf varifablillity and
sample slza. in the pliot chember, between repllicate
variabitity was in fact larger than 1In +the fcour other
chambers; therefore, the ratio of betieen shelt 1o batween
replicate varlablitity was small. This feads to
nonsignlficant F-statistics. in contrast, the additional
chambers had extremely smali between repilcate varlabiiity,
probably due Yo +the Increased experience of the techsical
staftf vhen these chambers were tested, and thergfcre, the
silghtest shelt +to shelf variability became statistically
significant.

Thus ou- findirgs heve clearly demonstrated the
importance of choosing semple slzes sc that statisrical
tests are cnly sensitive to deviations that are meaningful
fron an cverall technlcal perspective. 1In future studies we
theretora recoemmend conducting prellminary sampl ing

...........



R

experiments to be used for provisional statistical
evaluation of spatial and temporal homogenelty. The
important point s that sample slzes should be chosen
appropriately fIn relat.on to +the variability which s
observed (n the <chambers and the power with which this
varlance can be measured. A number of factors enter Into
+he attalnmenrt of adequate homogeneity. Some of fthese
variables are the generators, *the RP/BR biilets, the
exposure chambers, instrumentatlon, laboratory analytical
me thodology and personnel. On the basls of The suggested
preliminary experiments a proger sampling size for a
speclific experimental design can be estimated more precisely
by the Investigators.

..............
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Table A-2: HOMOGENEITY STUDY FOR CHAMBER NOS. 1, 2, 4, AND 5: MEAN % SD
FOR AEROSOL MASS CONCENTRATION, PARTICLE SIZE AND % PHOSPHORIC
ACID MEASUREMENTS FOR ALL SAMPLING LOCATIONS AT ONE
CONCENTRATION FOR EACH CHAMBER

Particle Size

Aerosol Mass Concentration, mg/!l Mass
Photosensor Mean Aerodynamic
Chamber Position Filter Samples Readings Diameter, um ¢ Phosphoric Acid
No. No. Mean +5S0 N Mean *SD N Mean SO N Mean £S0 N
1 1 1.13  0.03 3 0.42 0.04 3 72,66 12.15 3
2 1.08 0.06 3 0.46 0.02 3 69.39 5.36 3
3 1.12 0.09 3 0.40 0.04 3 72.78 2.21 3
4 1.07  0.09 3 1.07 0.09 17 0.46 0.02 3 71.87 4.29 3
5 1.12  0.09 3 0.48 0.01 3 66.64 0.0 1
6 1.01  0.10 3 1.06 0.07 17 0.48 0.03 3 73.%2 0.0 1
7 1.09 0.07 3 0.5t  0.04 3 72.63 0.0 1
8 0.91 0.10 3 0.49 0.02 3
9 1.14 0. 3 0.53 0.01 3 77.61 0.0 1
10 1.09 0.09 3 0.57 0.02 3
N 1.16 0.07 3 1.07 0.08 17 0.57 0.02 3 76.55 0.0 i
12 0.99 G.06 3 0.55 0.08 3 Nn.42 0.0 1
13 1.18 Q.04 3 0.57 0.08 2 69.38 9.82 3
14 0.92 0.05 3 0.58 0.01 3 68.65 6.51 3
15 1.02 0.06 3 0.59 0.03 3 72.94 1.74 3
16 1.01  0.08 3 1.03 0.07 17 0.57 0.05 3 67.46 4.20 3
17 1.00 0.09 18 1.1t 0.05 18 0.52 0.05 17 69.7¢ 10.04 6
Overall 1.04 0.10 1.06 0.08 0.51 0.06 70.64 7.39
Mean
2 1 0.57 0.07 3 0.37 0.03 3 56.03 3.N 3
2 0.53 0.03 3 0.38 0.02 3 53.09 2.80 3
3 0.59 0.04 3 0.40 0.03 3 57.58 2.72 3
4 0.60 0.03 3 0.52 0.08 118 0.35 0.06 3 58.83 3.33 3
5 0.59 0.1 3 0.39 0.03 3
6 0.42 0.03 J 0.49 0.03 18 0.37 0.05 3
7 0.53 0.07 3 0.43 0.02 3
8 0.37 0.02 3 0.41 0.05 3
9 0.60 0.03 3 0.45 0.02 3
10 0.45 0.04 3 0.40 0.02 3
1 0.55 0.04 3 0.50 0.03 18 0.46 0.03 3
12 0.46 0.06 3 0.40 0.01 3
13 0.58 0.08 3 0.45 0.02 3 55.07 9.91 3
14 0.40 0.03 3 0.40 0.04 3 50.79 7.37 3
15 0.59 0.02 3 0.52 0.04 3 58.22 4.70 3
16 0.44 0.05 J 0.50 0.03 18 0.43 0.00 3 61.34 8.85 3
17 0.47 0.08 18 0.5 0.04 18 0.45 0.04 18 53.64 8.1 7
Overall 0.50 0.09 0.52 0.05 0.42 0.0% 54.87 8.00
Mean
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Table A-2 (Continued)

Particle Size

Aerosol Mass Concentration, mg/1 Mass
Photosensor Mean Aerodynamic
Chamber Position Filter Samples Readings Diameter,um % Phosphoric Acid
No. No. Mean +SO0 N Mean =30 N Mean £SO N Mean +SD N_
4 1 0.28 0.90 3 0.29 0.02 3 64.92 562 3
2 0.30 0.04 2 0.32 0.99 3 66.25 112.78 2
3 0.29 0.06 3 0.26 ©6.03 3 63.50 6.82 3
4 0.3 0.04 3 0.23 0.04 18 0.31 0.06 3 64.85 6.50 3
5 0.33 0.05 2 0.32 0.02 3
6 0.25 0.03 3 0.20 0.03 18 o0.28 0.05 3
7 0.30 0.06 3 0.33 0.08 3
8 0.23 0.04 3 0.31 0.0 3
9 0.32 0.06 3 0.32 0.08 3
10 0.26 0.0 3 0.31 0.06 3
N 0.28 0.05 3 0.28 0.02 18 0.33 0.01 3
12 0.26 0.0 3 0.35 0.09 3 61.88. 0.0 1
13 0.31 0.08 3 0.40 0.05 2 61.52 7.35 3
14 0.26 0.03 3 0.3 0.0 3 58.99 10.66 3
15 0.30 0.06 3 0.33 0.0 3 65.29 1247 3
16 0.2 0.04 3 0.22 0.04 118 0.36 0.07 3 61.40 6.84 3
17 0.23 0.05 18 0.25 0.03 18 0.30 0.09 18
Overall 0.27 0.0¢ 0.22 0.04 0.31 0.07 63.16 7.42
Mean
5 1 1.27 0.02 3 0.49 0.06 3 73.91 1.3 3
2 1.22 0.03 3 0.62 0.09 3 709 3.37 3
3 1.27 0.02 3 0.49 0.03 3 72.39 0.8 23
4 1.2 0.02 3 1.02 0.1 18 0.62 0.06 3 72,25 2.35 3
5 1.22 0.05 3 0.59 0.05 3
6 0.3 002 3 0.94 0.06 18 0.5 0.06 3
7 1.24 0.03 3 0.58 0.08 3
8 0.98 0.03 3 0.61 0.06 3
9 1.23 0.07 3 0.63 0.93 3
10 0.81 0.05 3 0.66 0.08 3
1 1.17 0.0 3 1.02 0.13 18 0.58 Q.12 3
1C 1.07 0.02 3 0.62 0.05 3
13 1.29 0.04 3 0.60 0.01 3 69.68 4,82 2
14 0.7¢ 0.11 3 0.69 0.06 3 70.81 2.46 3
15 0.98 0.09 3 0.65 0.03 J 73.04 3.8 3
16 0.83 0.07 3 0.99 0.23 1?7 o0.72 0.06 2 68.29 6.57 3
17 0.98 0.06 18 1.14 0.07 18 0.63 0.05 18 70.67 0.0 1
Overall 1.06 0.17 1.02 0.14 0.61 0.07 .45 3.3
Mean

80




APPENDIX B

SELECTED PHOTOGRAPHS FROM THE INHALATION EXPOSURE LABORATORY




INHALATION EXPOSURE CHAMBER FRONT VIEW

.
-

FIGURE B-~1
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FIGURE B-3: AEROSOL GENERATOR AND MONITORING EQUIPMENT: A ouirusion

cylinder and piston, 8 Hudraulic piston, C Precision metering pury,

i

D Burv ckorber, E Fil ! duct, G Extrusion
pressure gauge, # Pressure safaty valve, I Igniier power supply,

J Photosensor alarm, X Photosersor am .ifter of aerosol purticle
sonsor, L Dru gas metar

2
tered air inlet, F Aeroso
i ;
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